We present a thermodynamical investigation of the α ⇋ γ transition of Ce using first principles calculation based on the combination of Density Functional Theory with Dynamical Mean Field Theory. First, the scheme allows for an improvement in the description of spectral functions. Secondly, we are able to identify unambiguously a negative curvature in the internal energy versus volume curves. Thirdly, we compute -thanks to extensive calculations -, the electronic entropy and find thermodynamical functions variations during the transition in good agreement with experiment but with a renormalized temperature.
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We present a thermodynamical investigation of the α ⇋ γ transition of Ce using first principles calculation based on the combination of Density Functional Theory with Dynamical Mean Field Theory. First, the scheme allows for an improvement in the description of spectral functions. Secondly, we are able to identify unambiguously a negative curvature in the internal energy versus volume curves. Thirdly, we compute -thanks to extensive calculations -, the electronic entropy and find thermodynamical functions variations during the transition in good agreement with experiment but with a renormalized temperature.
PACS numbers: 64.70.K;65.40.gd;71.30+h Cerium, a rare earth metal, undergoes an isomorphic α ⇋ γ first order solid-solid transition with a volume collapse of about 14% [1] [2] [3] . The corresponding transition line ends at a critical point (CP) around 1.5 GPa and 480 K [2, 3] . The (larger volume) γ phase exhibits a Curie-Weiss behavior for the magnetic susceptibility, this is interpreted as 4f electrons being localized in the gamma phase, giving rise to local moments and contributing weakly to the electronic bonding. In contrast, the smaller volume α phase has a Pauli like susceptibility: 4f electrons participate to the bonding and the formation of quasiparticles. The α ⇋ γ phase transition of Ce is thus a model system for volume collapse phase transitions due to the delocalization of localized electron under increase of pressure or decrease of temperature. Thus, a first principles description would have a huge impact on the description of other correlated systems. It is however still a challenge.
The transition was first described [4] by the promotion of a f electron into spd orbitals under pressure, but it was refuted by experiments [5, 6] . Several models have thus been built: The Mott transition (MT) model [7] assumes that the transition is driven by the overlap of f orbitals whereas the Kondo Volume Collapse (KVC) [8, 9] model assumes that the hybridization of f orbitals with spd plays the main role. Both are qualitatively coherent with the localization delocalization picture. As a consequence, an ab-initio description which includes all hybridization effects is needed.
From an ab-initio point of view, Local (LDA) or Gradient (GGA) functionals for Density Functional Theory (DFT), describe roughly the α phase and its delocalized electron. DFT+U [10] or Self-Interaction Correction [11, 12] are nevertheless required to describe the localization of the electron in the γ phase. Thus, first attempts to describe the transition from an ab-initio framework used the assumption of a pseudo-alloy, especially for the finite temperature extension [11] [12] [13] [14] . Recently, the exact exchange functional with the Random Phase Approximation correlation was able to describe qualitatively the transition at 0 K [15] . However, it was only with the advent of pioneering calculations using the combination of Density Functional Theory with Dynamical Mean Field Theory (DFT+DMFT) that spectral features were at least qualitatively described from ab-initio [16, 17] , as well as optical spectra [18] and magnetic properties [19] . Concerning the thermodynamics of the transition at finite temperature, internal energy as a function of volume was computed in DFT+DMFT [17, 20, 21] . However, because of the limitation of computational power, the error bars were not negligible, and calculation were not self-consistent, thus the question of the appearance of a Maxwell's common tangent in the internal energy versus volume curve is still open [17, 20, 21] . Similarly, beyond pionnering works [20] , an accurate calculation of free energy is still lacking. Besides, recent works successfully described transitions in iron [22] or V 2 O 3 [23] but the calculation of the free energy was not carried out. A recent work in iron [24] computes electronic entropy but without focusing on the description of the phase transition itself.
In this letter, we report our DFT+DMFT calculations of the α − γ transition in Cerium. Our first goal is to improve the electronic structure description of Cerium with an accurate scheme. Our second goal is to assess the existence of a Maxwell's common tangent in the energy versus volume curves, using an accurate implementation of DFT+DMFT. Our third goal is to show that computing the electronic entropy as a function of volume and temperature using extensive calculations is possible with a good precision. Then, from the free energy F (V, T ), we show that our state of the art implementation of DFT+DMFT is able to describe some important thermodynamical features of this localization-delocalization transition, at a renormalized temperature.
From experiments, the entropy is dominant over the internal energy [3, 8, 21] and the necessity of computing the entropy to describe the transition was highlighted [21] . There are however two contributions to the entropy, coming respectively from lattice and electrons. It was shown from phonon spectra [25] and ultrasonic measurements [26] that the electronic contribution is dominant and represents between 78% and 85% of the total entropy variation. In the MT and KVC models, the existence of local moments -in the γ phase only -explains this important variation of entropy. We thus focus in this paper on the electronic contribution only. The lattice contribution corresponds to a contribution of ≃8 meV over a total variation of entropy of 41 meV at 400 K [3, 21] . Moreover, the calculation of the lattice entropy requires the complete phonon density of states in DFT+DMFT. This is not the goal of this work.
We will use a recent implementation of DFT+DMFT in the ABINIT code [27] , with an accurate PAW [28] basis [29] , the self-consistency over the density [30] and a efficient implementation [31] of a continuous time QMC solver with the hybridization expansion [32] (CT-Hyb). The same atomic data as in Ref. 30 and 33 were used. We used a 10 × 10 × 10 k-mesh grid and a cut-off of 20Ha. Correlated orbitals are Wannier functions as in Ref. 30 , following Ref. 34 . A screened coulomb interaction of 6 eV is used as in previous works [17, 19, 21] . DFT+DMFT calculations are performed until convergences of local Green's function and electronic density.
About 10
10 steps are performed for each CT-Hyb run, in order that the stochastic noise over internal energy is less than 0.3 meV. As these calculations are extremely computationally expensive, we do not take into account in this study the spin orbit coupling (SOC) because of the additional computational cost.
As a good description of thermodynamics relies on a good description of spectral properties, we compare on Fig. 1 our f spectral functions obtained at 800 K by analytic continuation -using the maximum entropy method -to resonant photoemission spectra [35, 36] which isolate the f contribution. The qualitative features are present in our scheme as in previous works [16, 17, 21] . However, the combination of the PAW scheme and the self-consistency lead to a much better description of the position of Hubbard bands with respect to previous works. We also compare the number of electrons found in DFT+DMFT in comparison to recent experimental work [2] . We also found a reduction of the number of electrons in the α phase (n f = 0.96) with respect to the γ phase (n f = 0.99) in agreement with previous LDA+DMFT calculations [20] . However we stress the importance of self-consistency, without which the number of electrons in the α phase would be 0.75. We can conclude from this comparison that our formalism and implementation give a good description of the physics of the transition. So on top of a better precision, we can expect from our extensive calculations an improvement of the physical accuracy.
In Fig. 2 , we display in dashed line the internal energies as a function of volume for several temperatures. Three main observations can be made. Firstly, as mentionned above, the numerical noise is reduced in comparison to previous works [17, 21] . Secondly, the physical picture of Ref. [21] is kept: at 1600 K, the γ phase is stable. When the temperature is lowered, a stabilization appears in the area of the α phase, because of the appearance of the Kondo effect when volume and temperature are lowered. This stabilization increases when temperature is lowered until the internal energy of the α phase becomes finally lower. However and thirdly, we observe a weak but unambiguous negative curvature domain in the internal energy versus volume curves below 800 K. The effect could not be observed reliably before because of the numerical noise, but also the lack of selfconsistency over density and the use of the Atomic Sphere Approximation [20, 21] . It is however qualitatively consistent with [17, 20] . For lower temperature, the curvature is less negative. However the slope of the internal energy as a function of volume increases and this is coherent with the increase of ∆E as plotted in Figs. 1 of Refs. [3, 34] . At 0 K, such internal energy curves would imply a qualitatively correct description of the transition. However at finite temperature, the entropy need to be computed. We now discuss the calculation of electronic entropy. [eV]
Internal and free energies computed with LDA+DMFT(CT-Hyb) for different temperatures. Arrows indicate the experimental volumes at 400 K. We use the recent coupling constant integration approach used in Ref. 24 . From the self-consistent density ρ, the internal energy can be computed [21] as
is the only part of the energy which has an explicit dependence on U. H U is computed inside the CTHyb QMC [38] and we use for E DC the full localized limit double counting as in previous works [17, 19, 21] .
The coupling constant integration for the free energy reads [24] :
From the definition of F , we deduce the entropy:
From these equations, we have a practical way of computing S(U ): For each volume and temperature, we performed DFT+DMFT calculations for values of U from 0 eV to 6 eV. The variation of E int /U as a function of U was splined and integrated following previous equation. We checked the convergence of the entropy with respect to the number of values of U. The entropy is plotted on Fig.  3 . The LDA and LDA+DMFT entropies are compared on the upper part of Fig. 4 : Firstly, the LDA+DMFT entropy is two times larger than the LDA entropy for high volumes and is coherent with the expected value ie ln (14) in qualitative agreement with [20] . We discuss latter the modification that SOC would bring. Secondly, whereas in LDA, the increase is slow, in LDA+DMFT the variation is fast, and occurs in the domain of the experimental volumes of transition, when the Kondo stabilization energy disappears as the volume increases [21] . It is thus coherent with the physical picture of the localization of electron at the transition and the exponential character of the Kondo scale as a function of hybridization. Thirdly, as temperature decreases, the volume domain for the fast variation of S is shifted upwards coherently with the increase of the critical volume for localization. Finally, we note that −T S contains an important negative curvature, at 400 K for example, between 25Å 3 and 30Å 3 . It could thus contribute to the appearance of a negative curvature also in the free energy. In order to understand more deeply the origin of the variation of S, we use the expression of internal energy to decompose the DFT+DMFT entropy as:
We now discuss the variations of these terms as plotted on Fig. 4 . Firstly, the LDA entropy of the f shell is expected to vary from 0 to 14 ln 14 − 13 ln 13 ≃ 3.60k
as the dispersion of bands increases under compression.
Secondly, we can gather all the DFT+DMFT correction to the LDA entropy in two terms, namely S 2 and S 3 + S 4 that are represented on the upper part of Fig. 4 . These two terms have opposite behavior, but the most important variation comes from S 3 + S 4 [39] . In order to understand it, we focus on the lower part of Fig. 4 , where S 3 , S ′ 4 and S ′′ 4 are plotted. From Eq. 2, S 3 is proportional to the difference of band energies. Thus, as discussed in Ref. [21] , it first increases and thus decreases after a critical volume V U (see Fig. 4 ) above which the hybridization is weak enough to trigger the localization of electrons. It thus contributes directly to the increase of entropy in DFT+DMFT near the volumes of transition. Concerning S 4 = S ′ 4 − S ′′ 4 : S 4 is a negative quantity, because E int /(T U ) is a decreasing function of U and thus
/U is also a decreasing function of V , and its slope reduces largely around the U-dependent critical volume V U . V U is a decreasing function of U. Consequently, the slope of S ′′ 4 , which is an average of the slopes of S ′ 4 for different U, is lower -because for low values of U, the initial slope of S ′ 4 is much reduced. The second consequence is that above V U , S ′′ 4 is still a decreasing function whereas S ′ 4 is flat. It results that S 4 first decreases and, above V U , increases. It thus contributes directly to the increase of S for large volume. Because of this and the amplitude of S 3 and S 4 , one find that S 3 + S 4 is an increasing function of V in agreement with the simple physical picture described above.
Finally, we plot on Fig. 2 the relevant quantity to describe the phase transition, namely the free energy of Cerium as a function of volume for different temperatures. As discussed above, the entropy is weak at low volumes, as physically expected: thus the agreement for low volumes between internal and free energies -computed by two different ways, respectively the expression for E and Eq. 1 -validates our approach. We now study the physics of the transition as a function of temperature. At 400 K, and zero pressure, our free energy describes the α phase as stable whereas at 600 K and higher, the γ phase is stable. This conclusion stays valid for moderate non zero pressures. So the transition under temperature is qualitatively described with our scheme. We emphasize that our equilibrium volumes for the γ and α phases are smaller than experiment but in better agreement in comparison to other recent schemes [15] . 
Variations of thermodynamical quantities across the transition at 400 K (experiments) and 800 K (theory) at different volumes (see text). The experimental electronic entropy is obtained by subtracting the lattice entropy [25, 26] . Right: Theoretical internal and free energies with respect to experimental free energy [3] .
Let's now study the evolution of free energy as a function of volume, and the transition under pressure. We expect experimentally that the entropic contributions invert the stabilization of the α and γ phases as shown in Ref. [3, 21] . From our Fig.2 , we find that our variation of thermodynamical quantities at 800 K are qualitatively coherent with the experimental data at 400 K. We carried out the calculation not at the experimental volumes, but for volumes shifted in order that the γ phase volume corresponds to the minimum of the free energy curve (Theo' in the left panel of Fig.5 ). If we use the experimental volumes (Theo in the left panel of Fig.5 ), the agreement with experiment is better. At lower temperature, the entropy contribution diminishes, and the internal energy difference stays positive in agreement with experiments [3, 21] . Moreover, the bulk modulus extracted from the 800 K free energy is reduced by the entropic contribution from 36 GPa to 23 GPa, in good agreement with the experimental value of 20 GPa [26] . Concerning the inclusion of SOC, besides being more computationally expensive because of the occurence of the sign problem in QMC, it would lead in the atomic limit, to a degeneracy of f orbitals of 6 and thus to an entropy of ln(6) instead ln (14) . Preliminary calculations show that this atomic limit is recovered between the γ and α phases. In the degenerate Hubbard model [40] , this lowest degeneracy leads to a reduced critical temperature. So, in our study without SOC, we can roughly expect an increase of the critical temperature. This is thus coherent that our thermodynamical description is compatible with experimental data at a renormalized temperature, higher than experiment.
In conclusion, we carried out extensive fully selfconsistent DFT+DMFT calculations of the free energy for the isostructural transition in Cerium. We unambiguously identify a negative curvature domain in the internal energy curves. We demonstrate that DFT+DMFT is able to describe precisely the important entropy variations that are important for localization-delocalization transitions in actinides and lanthanides [41, 42] . We describe the phase transition in temperature and our spectral functions, our structural parameters and our evaluation of thermodynamical quantities are coherent with experimental data but at a renormalized temperature. This establishes firmly the DFT+DMFT results for the transition. The description of a negative curvature domain in the free energy is not described and would probably require a higher level scheme, including the spin orbit coupling, the inclusion of the variation of U as a function of volume [41, 43] and the lattice contribution of entropy.
Note added: After this work was performed, we became aware of a recent preprint of Lanatà et al [44] on a Gutzwiller description of the isostructural transition in Cerium at 0 K.
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